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Abstract 
The present study concerns in-depth analysis of the alloyed zone formed by laser gas alloying of Ti-6Al-4V by melting the 
surface using a continuous wave Diode laser using nitrogen shroud. A detailed structure-property-process parameters correlation
has been undertaken to optimize the process parameters. The microstructure of the alloyed zone consists of dispersion of titanium 
nitrides in D-Ti matrix. The morphology and mass fraction of titanium nitride was found to vary with laser parameters (applied 
power and gas flow rate). Residual stress on the surface nitrided zone was found to vary with laser parameters, application of 
high power and low gas flow rate was found to be essential in reducing residual tensile stress. The microhardness and corrosion
property of the alloyed zone were improved significantly as compared to as-received Ti-6Al-4V substrate.  
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1. Introduction 
Laser as a source of monochromatic and coherent radiation has a wide ranging applications in surface treatment 
[1]. In the past, laser surface alloying has been extensively applied for modification of near surface microstructure 
and/or composition of titanium for improving its wear resistance [1]. Titanium and its alloys are popular materials 
for bio-implant application [2]. However, a poor wear resistance and poor tissue adhesion are the main trouble 
associated with prolonged use of Ti-6Al-4V as bio-implant [2]. In the past, attempts were made to tailor the 
properties of Ti-4Al-4V by both surface modification and coating techniques [3]. The procedures applied include 
physical vapor deposition (TiN, TiC), ion implantation (N+), thermal treatments (nitriding, diffusion, and 
hardening), and laser alloying with TiC have been suggested [4,5]. Ion implantation is one of the common methods  
that has been shown to result in either little or substantial improvement in the sliding wear resistance of Ti–6Al–4V, 
though there have been consistent reports about improvement in the wear resistance to abrasion [6]. Baek et al. [7] 
demonstrated the deposition of a continuous diamond film on a thin TiC buffer layer (0.2 Pm thick) on Ti–6Al–4V 
substrates by combustion-assisted (CA) CVD. Andreazza et al. [8] also adopted an intermediate TiC layer to deposit 
diamond coatings on titanium by PECVD. The biocompatibility of CVD diamond thin films has been investigated 
by Tang et al. [9]. The CVD diamond is as biocompatible as titanium, and has been used frequently in biomedical 
implants. Laser surface melting of titanium in nitrogen containing environment is popularly known as laser gas 
nitriding (LGN) which can produce composite surfaced layers consisting of nitrides with enhanced surface 
performance [10-12]. The advantages of laser assisted surface treatment over conventional diffusion aided surface 
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treatment include ability to deliver a large power/energy density (103 to 105 W/cm2), high heating/cooling rate (103
to 105 K/s) and solidification velocities (1-30 m/s) [13,14]. Since the report on application of diode laser in materials 
processing, it has become increasingly popular in different fields of materials processing [15]. In an earlier study, 
diode laser assisted surface nitriding of Ti-6Al-4V was attempted and showed an improvement in hardness and bio-
compatibility [16]. However, the effect of laser parameters on characteristics of the nitrided layer has not been 
investigated in details. In the present study, a detailed investigation of the influence of laser parameters on the 
characteristics of the surface nitrided layer has been undertaken.  
2. Experimental 
In the present investigation, Ti-6Al-4V (Ti64) of dimension: 20 mm x 20 mm x 5 mm was chosen as substrate. 
The substrate surface was sand blasted prior to laser processing in order to clean the surface and improve 
absorptivity. Laser surface nitriding was carried out by irradiating the substrate using a 2 kW continuous wave (CW) 
laserline diode laser with a mixed 810 nm and 940 nm wavelengths (maximum power of 1.5 kW) and with optical 
fibre beam delivery system (with a spot area of 3.5 x 2 mm2) using nitrogen as shrouding gas. Laser surface nitriding 
was conducted with an applied power ranging from 600 to 800 W and a gas flow rate ranging from 5 to 20 l/min. 
Following laser surface nitriding, the microstructure of the nitrided layer (both the top surface and the cross section) 
was characterized by optical and scanning electron microscopy. The topographical features of as-received and laser 
surface nitrided Ti-6Al-4V specimen surface were carried out using a scanning probe microscope (SPM) (Nanonics 
Imaging Ltd.) operated in atomic force microscopy tapping mode. A detailed analysis of the phase was carried out 
by X-ray diffractometer. Residual stress introduced in the nitrided layer was measured by a stress Goniometer 
attached to X-ray Diffractometer applying Cohen’s theory [17]. The microhardness of the nitride surface was 
measured using a Vicker’s microhardness tester at an applied load of 100 g.  
3. Results and Discussion 
Figures 1 (a,b) present the scanning electron micrographs of the top surface of laser surface nitrided Ti-6Al-4V 
lased with a power of (a) 600 and (b) 800 W (at a gas flow rate of 5 l/min). Laser surface nitriding caused formation 
of dendrites of titanium nitride in D titanium matrix. The volume fraction of titanium nitride phase and the 
interdendritic spacing were found to vary with laser parameters. It was observed that the dendrites were marginally 
coarsened (an increased secondary arm spacing) with increase in applied power, however, length of primary arm 
decreased with increase in applied power. Coarsening of dendrites with increase in applied power is attributed to a 
reduced cooling rate and almost uniform cooling rate in all directions when the applied power was higher [18]. 
Figures 2 (a,b) show the scanning electron micrographs of the top surface of laser surface nitrided Ti-6Al-4V lased 
with a power of 600 W at a gas flow rate of (a) 5 l/min and (b) 20 l/min. A close comparison between Figure 2(a) 
and Figure 2(b) reveals that there is refinement of microstructure when a high gas flow rate is applied, which is due 
to a higher convective dominated cooling rate from the surface at a higher gas flow rate. Furthermore, at a high gas 
flow rate, dendrites are fragmented leading to formation of needle like titanium nitride phase (cf. Figure 2b). The 
volume fraction of nitride also decreased at a very high gas flow rate. The fragmentation of dendrites and needle 
shape appearance of the nitride phase are due to a forced convection in the melt pool during gas alloying, and a high 
cooling rate. In this regard, it is relevant to mention that the fragmented dendrites would lead to an increased 
toughness property as compared to thick and continuous dendrites. 
A detailed X-ray diffraction study of the top surface of as-received and laser surface nitrided Ti-6Al-4V showed 
that surface nitriding of Ti-6Al-4V led to formation of TiN and D-Ti [18]. The mass fraction of TiN phase was 
found to vary with laser parameters. In this regard, it is relevant to mention that formation of E-Ti phase was 
completely suppressed due to nitriding [18]. Furthermore, there was no signature of the presence of AlN and VN on 
the surface [18]. The relative mass fractions of the individual identified phases were calculated using semi-
quantitative analysis in X'Pert High Score works on basis of the RIR (Reference Intensity Ratio) values (often called 
I/Ic values) available from the database. This method is known as the normalized RIR method [19]. Figure 3 
presents the bar chart showing the effect of laser power and nitrogen gas flow rate on the relative mass fraction of 
TiN (%) in laser surface nitrided Ti-6Al-4V. From Figure 3 it is evident that the relative mass fraction of TiN phase 
marginally decreases with increase in applied power from 600 W to 700 W, following which it increases. Marginal 
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decrease in mass fraction of TiN with increase in applied power from 600 to 700 W is attributed to an increased 
depth of melting with increased power and hence, more dilution. At a too high power, on the other hand, cooling 
rate is too slow causing retention of liquid Ti in nitrogen containing environment for a long time and hence, more 
nitride formation. On the other hand, with increasing gas flow rate from 5 l/min to 10 l/min the mass fraction of TiN 
marginally increases. Increased mass fraction of TiN with increase in gas flow rate is attributed to an increased 
quantity of gas input within the melt zone during nitriding when the gas flow rate is higher (cf. Figure 3). However, 
at a very high gas flow rate, relative mass fraction of TiN decreases, possibly due to an increased cooling rate, when 
applied a very high gas flow rate and hence, a less amount of intermixing due to a lower time of interaction (cf.
Figure 3).  
   
Figure 1: Scanning electron micrographs of the top surface of laser surface nitrided Ti-6Al-4V lased with power (a) 600 W and (b) 800 W (at a gas 
flow rate of 5 l/min).
   
Figure 2: Scanning electron micrographs of the top surface of laser surface nitrided Ti-6Al-4V lased with a power of 600 W and gas flow rate of (a) 
5 l/min and (b) 20 l/min. 
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Cracking was found to be a critical problem in laser surface nitriding of titanium alloys due to a large residual 
stress developed in the nitrided zone [20]. However, introduction of residual stress and hence, cracking is a problem 
associated with laser surface nitriding. The residual stress was tensile in nature at low power, but its magnitude 
increased with increase in gas flow rate. On the other hand, residual stress was compressive at an applied power of 
800 W for all applied gas flow rate. As compressive residual stress is beneficial for surface fatigue property and 
tensile stress is detrimental, optimum selection of laser parameters is essential to ensure compressive residual stress. 
In this regard, it is relevant to mention that similar cracking tendency was also observed by Mridha and Baker [21] 
while studying laser surface nitriding of CP titanium who could develop a crack free and smooth surface nitrided 
layers only one suitable set of conditions out of as many as 30 different processing sets.
The residual stress developed in the nitrided zone was measured by X-ray diffraction technique using a stress 
Goniometer. Figures 4(a,b) show the variation of average residual stress developed in the nitrided layer with (a) 
applied power (at a gas flow rate of 10 l/min) and (b) gas flow rate (at an applied power of 800 W). Increase in 
applied power from 600 W to 700 W was found to increase residual stress from 250 to 750 MPa. Further increase in 
applied power to 800 W decreased residual stress level to -1400 MPa. The origin of residual stress is due to a 
thermal (mainly because of a large difference in thermal gradient between the surface and the interior) and due to 
presence of nitrogen in solution along with nitride formation. 
Figure 3: Bar chart showing the effect of laser power and gas flow rate on the relative mass fraction of TiN (%) in laser surface nitrided              
Ti-6Al-4V. 
Figure 4: Variation of residual stress of the nitrided layer with (a) laser power (at a gas flow rate of 10 l/min) and (b) nitrogen gas flow rate 
(lased with a power of 800 W) Ti-6Al-4V. 
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Thermal stress leads to development of tensile residual stress, on the other hand, nitride formation and presence 
of nitrogen in solution leads to development of compressive residual stress. Increased level of tensile residual stress 
in the nitrided zone at 600 and 700 W applied power is possibly due to significant contribution of quench stress 
towards the residual stress distribution and presence of lower mass fraction of TiN phase in the microstructure. On 
the other hand, at a high power, effect of quench stress is reduced (because of a slower cooling rate) but the 
transformation stress predominates. Furthermore, presence of a higher mass fraction of TiN contributes towards the 
compressive stress distribution. On the other hand, at a lower gas flow rate (5 l/min), residual stress was 
compressive and as low as -2500 MPa (for an applied power of 800 W). Decreasing magnitude of tensile residual 
stress at a very low gas flow rate is attributed to a reduction in cooling rate. The residual stress increases with 
increase in gas flow rate to 10 l/min following which it remains same. Increased magnitude of residual stress with 
increase in gas flow rate is due to increased quenching rate and a reduced volume fraction of nitrides (cf. Figure 4b). 
The micohardness of the nitrided zone is significantly increased to 600-1200 VHN as compared to 280 VHN of 
as-received Ti-6Al-4V substrate [18]. Microhardness of the nitrided surface decreases with increase in applied 
power. Increase in gas flow rate initially increases the microhardness of the nitride layer, however, at a too high gas 
flow rate the microhardness decreases. A significant improvement in pitting corrosion resistance was achieved by 
laser surface nitriding in terms of critical potential for pit formation only for an applied laser power of 600 W and 
nitrogen gas flow of 5 and 10 l/min. Hydroxiapatite deposition was found in both the surface following dipping in a 
simulated body fluid, through the extent was higher in nitrided surface. 
4. Summary and Conclusions 
In the present investigation, a detailed study of laser surface nitriding of Ti-6Al-4V has been carried out to 
improve mechanical and electrochemical properties. From the detailed analysis, the following conclusions can be 
drawn: 
(i) Laser surface nitriding leads to formation of a defect-free nitride zone with thickness varying from 300 to 
1100 Pm for different conditions of lasing. 
(ii)  The microstructure of the niride layer consists of presence of TiN dendrites in D-Ti matrix. The volume 
fraction of nitride varied with laser parameters. An increased surface roughness with a periodic texturing 
was noted on the nitrided surface. 
(iii) Residual stress on the surface nitrided zone was found to vary from tensile to compressive. The residual 
compressive stress was developed when applying a high power and very low gas flow rate. 
(iv) A significant improvement in micohardness of the nitrided zone is achieved (600-1200 VHN) as compared 
to 280 VHN of as-received Ti-6Al-4V substrate. Pitting corrosion resistance in Hank’s solution was also 
found to be improved due to laser gas alloying of Ti-6Al-4V with nitrogen. 
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